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P700+ similar to the reddest state in PS I trimers from Arthrospira platensis emitting at 760 nm at 5 K. The
ﬂuorescence of these red states is diminished by more than a factor of 10 in the presence of oxidized P700. For
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Photosystem I (PS I) is a pigment-protein complex located in the
thylakoid membranes of cyanobacteria, algae and plants that
mediates light-induced electron transfer from plastocyanin or
cytochrome c6 on the lumenal side to ferredoxin on the stromal side
(for a review see Refs. [1,2] and references therein). PS I of higher plants
and algae (named PS I-200) consists of the PS I core complex and the
peripheral light-harvesting complex LHC I. Cyanobacteria lacking
LHC I contain only the PS I core. The PS I core complex coordinates all
of the redox cofactors and the core antenna of ~100 chlorophyll a
(Chl) and ~20 ß-carotene molecules. The PS I core complexes in
cyanobacteria are organized preferentially as trimers [3–5] whereas
PS I in higher plants and algae is present only as a monomer [6].A high resolution (2.5 Å) X-ray structure is available for trimeric
PS I core complexes from the cyanobacterium Thermosynechococcus
elongatus [7], whereas for plant PS I a crystallographic model at 3.3 Å
resolution has been reported [8]. The two large subunits, PsaA and
PsaB, each consisting of 11 transmembrane helices, coordinatemost of
the antenna pigments and the following redox cofactors involved in
the electron-transfer reactions: the primary electron donor P700 (a
heterodimer of Chl a (eC-B1; PB) and a' (eC-A1; PA)) located on the
luminal side (nomenclature of Ref. [8] is used for naming cofactors).
Two branches of cofactors related by pseudo-C2 symmetry connect
P700 and the ﬁrst [4Fe-4S] iron sulfur cluster FX. Each branch is
composed of two Chls (Acc-A (eC-B2) and A0-A (eC-A3) in the A-
branch and Acc-B (eC-A2) and A0-B (eC-B3) in the B-branch) and one
phylloquinone A1 (QK-A and QK-B, respectively). The terminal
electron acceptors FA and FB (two [4Fe–4S] iron–sulfur-clusters) are
both coordinated by subunit PsaC, one of the three extrinsic subunits
located on the stromal side.
After absorption of light by an antenna pigment, the excitation
energy is efﬁciently trapped via charge separation in the reaction
center leading to P700+A0−. Charge stabilization is achieved by
subsequent electron transfer to the secondary acceptor A1, then
further to FX and ﬁnally to the terminal electron acceptors FA and FB.
An interesting aspect of the electron transfer in PS I is the reported
heterogeneity at low temperature [9,10]. In one fraction of the PS I
complexes, an irreversible charge separation due to the stable
formation of P700+FA− and P700+FB− takes place, whereas in the
1424 E. Schlodder et al. / Biochimica et Biophysica Acta 1807 (2011) 1423–1431other fraction forward electron transfer to the terminal iron–sulfur-
clusters is completely blocked at cryogenic temperatures [10]. In this
fraction the charge separation is reversible at low temperature and
can be attributed to the formation and decay of P700+A1− and
P700+FX−, respectively. Charge recombination of P700+A1− occurs
almost independent of temperature with t1/2~170 μs [10]. The charge
recombination between FX− and P700+ takes place in the ms time
range at low temperature.
The function of the antenna is to harvest solar energy and to
transfer this energy to the reaction center, where the excitation
energy is converted into a charge separated state. One striking feature
of the light-harvesting antenna of PS I is the presence of long-
wavelength (also called red or low-energy) Chls (LWC) that absorb at
energies lower than that of the primary electron donor P700 (for
reviews see Refs. [11,12]). Higher plants contain their most-red Chls
in the light-harvesting complex LHC I, which absorb around 716 nm
and give rise to the emission around 735 nm at low temperature,
whereas long-wavelength Chls in the PS I core of plants absorb around
705 nm and emit at 719 nm. In the green algae Chlamydomonas
reinhardtii absorption and emission of the reddest state are at
~701 nm and ~712 nm, respectively [13]. The occurrence of LWC in
the core antenna, which absorb even further into the red, is unique to
cyanobacteria. The content and the spectral characteristics of long-
wavelength Chl a antenna states are species dependent. PS I trimers
contain usually more red Chls than monomers (Ref. [12] and
references therein). The 5 K absorption and linear dichroism spectra
of PS I trimers of T. elongatus exhibit Chl a antenna states absorbing at
708 (C708) and 719 nm (C719) [14,15]. Hole-burning experiments
indicate a third spectral form named C715 [16]. PS I trimers of
Synechocystis sp. PCC 6803 contain red Chls peaking at 708 and
714 nm [17]. The most-red Chl a antenna state absorbing at 740 nm
(C740) and emitting at 760 nm (F760) at low temperature is present
in PS I trimers of Arthrospira platensis [18,19].
The function of the red Chls in photosynthesis may be different
depending on their location in the antenna system and therefore on
the distance between the red Chls and P700. At physiological
temperatures, the quantum efﬁciency of photochemistry is virtually
not affected by the long-wavelength Chls. Thermal energy of the
surrounding enables efﬁcient uphill energy transfer to bulk Chls and
then to P700. Therefore the quantum yield of P700 oxidation is
independent of the wavelength of the excitation, even at wavelengths
of up to 760 nm [14]. At lower temperatures, however, the red Chls act
as traps for excitations, thereby decreasing the quantum efﬁciency of
charge separation and increasing the ﬂuorescence yield [14,19]. It has
been suggested that the extension of the spectral range for light
harvesting to longer wavelengths increases the efﬁciency of the
antenna system for the utilization of far-red light for photochemistry.
This might be the result of the adaptation of the cyanobacteria to low
light conditions [20,21]. Red Chls may also be involved in the
protection of PS I complex against excess excitation light energy
[12,22 and Refs. therein].
Remarkably, the ﬂuorescence yield of PS I was found to be very
similar in PS I with P700 in the reduced and oxidized state at room
temperature [12,23] indicating that P700+ quenches the ﬂuorescence
as efﬁciently as P700. P700+ exhibits a broad, ﬂat absorption band
that extends into the far red beyond 800 nm [14,24] and provides
spectral overlap with the emission bands of all antenna pigments, so
that excitation energy transfer from the excited long-wavelength
chlorophylls to P700+ can occur by the inductive resonance
mechanism (Förster transfer). The subsequent fast radiationless
decay of (P700+)* probably constitutes the quenching mechanism
[23,25].
Quenching of ﬂuorescence from long-wavelength Chls by P700+
has also been observed at cryogenic temperatures. The intensity of the
ﬂuorescence at 760 nm (F760) in PS I trimers of A. platensis is highly
dependent on the redox state of P700 at 77 K [19,27,28]. Themaximum F760 level was observed for PS I trimers if P700 was
reduced [19]. The 760 nm ﬂuorescence is diminished by more than a
factor of 10 in the presence of oxidized P700 at cryogenic
temperatures. In accordance with the difference in the low temper-
ature yield of 760 nm ﬂuorescence in PS I trimers with P700 and
P700+, respectively, the lifetime of the ﬂuorescence decay at 760 nm
was found to be signiﬁcantly shorter in PS I trimers with P700
oxidized than that in PS I trimers with P700 reduced [28]. The Förster
overlap integral between F760 and the absorption spectrum of P700+
is sufﬁciently large (about ~1/3 of the overlap between two
isoenergetic chlorophylls with a Stokes shift of 130 cm−1) to explain
the quenching by direct resonance energy transfer from the LWC to
P700+ [19]. From the decay rate of the ﬂuorescence at 760 nm a
distance between C740 and P700 of ~27 Å has been estimated [19]. A
decrease of the ﬂuorescence from red Chl a antenna states by P700+
formation was observed also for PS I trimers of T. elongatus at low
temperature [23], but it is still an open question whether ﬂuorescence
of different red states is quenched with the same efﬁciency or not. At
cryogenic temperatures it can be assumed that quenching by P700+ is
based on a direct energy transfer from the excited red states to P700+
since uphill energy transfer from the low-energy Chls via bulk Chls to
P700+ is highly unlikely. In this case, the quenching efﬁciency will
depend on (a) the distance between the individual red states and
P700 and (b) the mutual orientation of the transition dipole moment
of the low-energy exciton transition of the LWC aggregate with
respect to that of P700+ [29].
Because the long-wavelength chlorophylls dominate the emission
spectra of PS I and because they have pronounced effects on energy
transfer and trapping, the purpose of this paper is to measure
ﬂuorescence of PS I complexes from various cyanobacteria with
oxidized and reduced P700. Thereby, we want to clarify whether the
emission of the various red antenna states is affected differently by
the redox state of P700. The positions of the most-red chlorophylls
with respect to P700 are estimated and consequences of our results on
single-molecule spectroscopy of PS I complexes are discussed.
2. Materials and methods
2.1. Preparation of PS I complexes
Monomeric and trimeric PS I core complexes from A. platensis have
been prepared as described before [19]. PS I trimers and monomers
from T. elongatus have been prepared as described in [30,31].
2.2. Measurement of steady-state ﬂuorescence spectra
Fluorescence spectra were recorded in a FluorMax 2 (Jobin Yvon)
photon counting spectroﬂuorometer. The spectra were corrected for
the spectral sensitivity based on the measurement of a calibrated light
source.
For the measurements, PS I complexes were diluted to a ﬁnal Chl
concentration of about 5 μM with buffer (either buffer A, containing
20 mM tricine, pH 7.5, 25 mM MgCl2, and 0.02% (w/w) ß-DM, or
buffer B, containing 100 mM AMPSO or CAPS, pH 9.0–9.5, 20 mM
CaCl2, 10 mM MgCl2, and 0.02% (w/w) ß-DM) and glycerol (ﬁnal
concentration about 65% (v/v)), to obtain a transparent glass at low
temperatures.
Measurements were carried out under three different redox
conditions: (a) Samples with P700 in the oxidized state were
prepared by the addition of 1 mM ferricyanide to oxidize P700
chemically or by freezing a sample without addition of redox
mediators under illumination. In this case P700 is irreversibly
oxidized by the light. The two ways of oxidizing P700 gave virtually
the same results. (b) Samples with P700 in the reduced state were
prepared by using buffer B (pH 9–9.5) and addition of 20 mM
dithionite. In the presence of the strong reductant at basic pH values
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Fig. 1. 77 K ﬂuorescence spectra of PS I trimers from A. platensis with P700 in the
reduced (solid line) and oxidized (dashed line) state. The excitation wavelength was
500 nm.
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reduced. The efﬁciency of pre-reduction can be enhanced by
additional illumination during freezing. In the presence of pre-
reduced terminal iron–sulfur cluster, light-induced electron transfer
is limited to the formation and decay of P700+A1− or P700+FX−,
respectively. The charge recombination of P700+A1− occurs with a
half-life of about 150 μs, whereas P700+FX− decays in the ms time
range [10]. Since the rate of charge separation induced by the
excitation light in the spectroﬂuorometer is small compared to the
decay rate of the charge separated states, P700 remains in the neutral
(reduced) state during ﬂuorescence measurements. (c) Samples
frozen in the dark in the presence with 5 mM ascorbate and 5 μM
PMS contain all redox cofactors initially in the neutral ground state.
However, the charge-separated states P700+FA− or P700+FB− are
irreversibly formed in a fraction of the PS I complexes by the
excitation light when recording the spectra, whereas in the other
fraction forward electron transfer to the terminal iron–sulfur-clusters
is completely blocked at cryogenic temperatures [9,10]. In the latter
fraction the charge separation is reversible at low temperature and
P700 is maintained in the reduced state. Therefore the sample
contains a mixture of reduced and oxidized P700 during ﬂuorescence
measurements.
For low temperature measurements, the cuvette was placed in a
variable temperature liquid nitrogen bath cryostat (Oxford DN1704)
or an Oxford liquid helium ﬂow cryostat (CF1204) and a home-built
cryostat holder was used in the spectroﬂuorometer. Due to small
variations in the position of the samples the reproducibility of the
peak amplitudes for identical samples was about ±10%.
2.3. Single-molecule ﬂuorescence spectroscopy
Puriﬁed PS I trimers were at ﬁrst diluted with buffer A or B and
glycerol to a ﬁnal Chl concentration of about 20 μM. The concentration
of detergent in the buffer was increased to 4 mM or 0.2% (w/w). This
concentration was found to be adequate to avoid completely PS I
aggregation. In further steps this PS I containing solution was diluted
to a PS I trimer concentration of about 3 pM. Additionally, 20 mM
dithionite was added to the sample diluted in buffer B to achieve pre-
reduction of the terminal iron–sulfur clusters. The yield of pre-
reduction was increased by additional illumination during sample
preparation and mounting. Less than 1 μl was placed between two
cover slips assuring spatial separation of individual PS I trimers. To
observe ﬂuorescence emission of single molecules, a home-built
confocal microscope was used. The experimental setup was described
recently in Ref. [32]. For this work the setup was modiﬁed with a new
tilted mirror system (PI) for beam-scanning, providing better signal-
to-noise ratio. The sample and the microscope objective were
immersed in superﬂuid He, with a sample temperature of 1.4 K. The
excitation power measured directly behind the beam-scanning
module was varied between 0.05 μW and 100 μW, and the excitation
wavelength was 680 nm for all experiments.
3. Results and discussion
3.1. Photosystem I from A. platensis
Fig. 1 shows 77 K steady-state ﬂuorescence spectra of isolated PS I
trimers from A. platensis (former name Spirulina platensis) under
different redox conditions (see Materials and methods). The excita-
tion wavelength was 500 nm. Virtually identical ﬂuorescence spectra
were recorded at an excitation wavelength of 430 nm. The spectra are
in agreement with those reported in the literature [26,27]. In the
presence of reduced P700 (solid line) the emission maximum is
observed at 760 nm. The emitter is most likely the LWC pool C740. A
much weaker peak is located at 726 nm, which might be ascribed tothe C708 pool. Aminor ﬂuorescence band is observed at about 690 nm
which originates presumably from bulk chlorophylls.
In the presence of oxidized P700, the emission of the C740 pool is
almost completely quenched and appears only as a shoulder of the
726 nm band (dashed line). The amplitude of the 726 nm peak is only
slightly lower. The data conﬁrm that oxidized P700 quenches
effectively the emission of the C740 pool, whereas the emission of
the C708 pool is not affected signiﬁcantly [26,27].
The dipole strength of the 740 nm band in the 5 K absorption
spectrum of PS I trimers corresponds to that of approximately three
monomeric Chl molecules [19]. It is known that C740 arises upon
trimerization of isolated monomeric PS I complexes [33] indicating
that at least three Chls of each monomer are red-shifted due to
structural reorganizations and/or to altered interactions induced by
the trimerization. Therefore, a location of C740 close to the
trimerization domain has been proposed [19,22,33]. To explain the
quenching by direct resonance energy transfer from C740 to P700+
the rate of energy transfer must be higher by at least a factor of 10
compared to the decay rate in the absence of energy transfer. This
consideration leads to a time for energy transfer of approximately
100 ps. In PS I with oxidized P700 the decay kinetics of F760 has been
reported to be dominated by a 107 ps component, whereas in samples
with P700 reduced nanosecond decay components were observed
predominantly [28]. Taking into account that the observed 107 ps
lifetime originates from two competing processes - the intrinsic ns
ﬂuorescence decay as observed in centers with reduced P700 and
direct quenching by P700+— a lifetime of about 115 ps results for the
latter process. From this value a distance between C740 and P700 of
~28 Å has been estimated using Förster theory [19]. This distance is in
reasonable agreement with the assumption that the involved Chls are
located near the monomer–monomer interfaces [7,33].
PS I monomers from A. platensis contain only the LWC formwith an
absorption maximum around 708 nm. Accordingly, the 77 K ﬂuores-
cence spectrum in the presence of reduced P700 (see Fig. 2, solid line)
exhibits the main emission band at 727 nm and a minor ﬂuorescence
band at about 690 nm. The shoulder at longer wavelengths can be
assigned to a vibronic sideband corresponding to the mirror image of
the QY(0→1) absorption band of the LWC C708. With P700 in the
oxidized form, the ﬂuorescence intensity on the long-wavelength side
of the main emission band is diminished (see Fig. 2, dashed line).
Thereby, themaximum is shifted by 1 to 2 nm to the blue and the peak
amplitude is slightly lower. The difference between both spectra
(reduced – minus – oxidized) is given by the dotted line. The
difference spectrum has its maximum at about 731 nm.
660 680 700 720 740 760 780 800 820 840
0,0
0,2
0,4
0,6
0,8
1,0
731
flu
or
es
ce
nc
e
wavelength / nm 
 P700 reduced
 P700 oxidized
 red - ox
PS I monomer
 A. platensis
77 K
λ
ex
 = 500 nm
726
727
Fig. 2. 77 K ﬂuorescence spectra of PS I monomers from A. platensis with P700 in the
reduced (solid line) and oxidized (dashed line) state. The excitation wavelength was
500 nm. The dotted line represents the difference between both spectra.
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contributing to the C708 pool is almost independent on the redox
state of P700 except that of a slightly red-shifted emitter with an
emission maximum around 731 nm. Candidates for LWC discussed in
the literature are strongly coupled aggregates consisting of 2 to 3
chlorophylls [7,34]. It should be noted that more than one aggregate is
required to explain the dipole strength of C708 which corresponds to
the dipole strength of about 8 monomeric chlorophylls [12]. Thus
different emitters contribute to the F727 band and give rise to the
reported substantial inhomogeneous broadening [12 and Refs.
therein].
3.2. Photosystem I from T. elongatus
The low temperature absorption spectra of trimeric PS I complexes
of T. elongatus show long-wavelength absorption bands at about
708 nm and 719 nm with oscillator strengths corresponding to
approximately ﬁve and four Chls, respectively [14,34]. More recently,
it has been reported that PS I samples prepared by dissolving crystals
of trimeric PS I complexes exhibit a much stronger absorption in the
red antenna region [35]. To verify this result, we also measured the
absorbance spectrum of freshly dissolved crystals of trimeric PS I
complexes from T. elongatus at 295 K and 77 K. The spectra presented
in Fig. 3 do not conﬁrm the result of Riley et al. [35], but are virtually
identical to our previously published spectra [14,34] and the
estimated number of red pigments is also about the same. The reason
for this discrepancy is not clear. A third LWC form with an absorption600 620 640 660 680 700 720 740 760
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Fig. 3. Absorbance spectra of a sample with freshly dissolved crystals of trimeric PS I
complexes at 295 K and 77 K.maximum at 715 nm at low temperature has been suggested on the
basis of hole-burning experiments [16]. This LWC form cannot be
resolved as a separate band in the 5 K absorption spectrum due to
strong overlap with the C719 absorption band. Whereas monomeric
PS I complexes of T. elongatus contain about the same number of red
Chls absorbing around 708 nm, the monomers have a lower number
(2 instead of 4) of C719 chlorophylls. This means that at least
two different strongly coupled aggregates contribute to the C719 pool:
(a) one red antenna state that is present in bothmonomeric and trimeric
complexes and (b) another one that emerges as a result of the
trimerization [31]. The results presented below demonstrate that
the ﬂuorescence yield of the latter red state depends in a similar way
on the redox state of P700 as shown above for the C740 pool in
A. platensis.
Fig. 4 shows 77 K steady-state ﬂuorescence spectra of isolated PS I
monomers from T. elongatus under different redox conditions (see
Materials and methods). The main emission band in the presence of
reduced P700 (see Fig. 4, solid line) is located around 730 nm. As in
monomeric PS I from A. platensis, there is a minor ﬂuorescence band at
about 690 nm and a shoulder at longer wavelengths that can be
assigned to the mirror image of the QY(0→1) absorption band of the
LWC C708. In comparison to monomeric PS I from A. platensis, the
position of the main band is shifted 3 nm to longer wavelengths. This
is due to contributions from LWC C715 and/or C719 to the emission
spectrum. These LWC are present in addition in PS I monomers from T.
elongatus.
With P700 in the oxidized form, the ﬂuorescence intensity on the
long-wavelength side of the main emission band is decreased (see
Fig. 4, dashed line). Thereby the maximum is shifted by 2 nm to the
blue and the peak amplitude is somewhat lower. The difference
between the two spectra (reduced –minus – oxidized) is given by the
dotted line. The difference spectrum has its maximum at about
734 nm. Similar to monomeric PS I from A. platensis the total
ﬂuorescence intensity is only slightly affected by the redox state of
P700 except that of this red-shifted emitter, which might be assigned
to an aggregate from the C715 or C719 pool.
The situation is very different in PS I trimers from T. elongatus: the
ﬂuorescence intensity at low temperature was found to be strongly
affected by the redox state of P700. Fig. 5 shows 77 K ﬂuorescence
spectra of PS I trimers from T. elongatus in the presence of reduced
P700 (solid line) and oxidized P700 (dashed line). In the presence of
oxidized P700 (dashed line) the ﬂuorescence spectrum resembles
that of PS I monomers form this organism (see Fig. 4). If P700 is
reduced, the ﬂuorescence emission maximum is shifted ~5 nm to the
red and the total ﬂuorescence intensity has increased by a factor of
two. The reduced – minus – oxidized difference spectrum (dotted660 680 700 720 740 760 780 800 820 840
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Fig. 4. 77 K ﬂuorescence spectra of PS I monomers from T. elongatus with P700 in the
reduced (solid line) and oxidized (dashed line) state. The excitation wavelength was
430 nm. The dotted line represents the difference between both spectra.
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Fig. 5. 77 K ﬂuorescence spectra of PS I trimers from T. elongatus with P700 in the
reduced (solid line) and oxidized (dashed line) state. The excitation wavelength was
500 nm. The dotted line represents the difference between both spectra.
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most likely the red state that emerges as a result of the trimerization,
because this effect is not observed in PS I monomers. The PS I trimers
contain this C719 long-wavelength chlorophylls additionally to those
observed in monomers. In the available structural model of trimeric
PS I from T. elongatus, the strongly coupled aggregate (A31-A32-B7
(the nomenclature of Jordan et al. [7] is used for naming chloro-
phylls)) is probably the best candidate for this red state. The
excitonically coupled chlorophylls A31-A32-B7 are located on the
luminal side close to the trimerization domain (see Fig. 6 for the
chlorophyll arrangement in PS I). The transition dipole of the low-
energy exciton transition is oriented almost parallel to the membrane
plane matching the reported linear dichroism of trimeric PS I at 5 K in
the wavelength range between 715 nm and 730 nm [15]. The energy
transfer time to P700+ has been estimated to be approximately
110 ps [15,29] in rough agreement with spectroscopic studies. In the
case of reduced P700, time-resolved ﬂuorescence measurements
reveal a decay component with a lifetime of a few nanoseconds
[23,29]. Its decay-associated spectrum peaks at 745 nm at 5 K [22,28].
The lifetime decreases to a few 100 ps in the presence of P700+ [29,
Meyer,J., Schmitt, F.J. and Schlodder, E., unpublished results] due to
the efﬁcient quenching of the emission from this red state by oxidizedFig. 6. Arrangement of the chlo
The ﬁgure is produced from Protein Data Bank ﬁleP700. The similarities between this red state and C740 in trimeric PS I
from A. platensis indicates the same structural organization or even a
structural identity of the reddest antenna state in both organisms. The
reason, why the absorption of the aggregate in A. platensis is shifted
about 20 nm further to the red, remains to be clariﬁed. The
chlorophyll trimer B31–B32–B33 has often been proposed as another
candidate for the C719 LWC. B31, B32 and B33 are among the most
strongly coupled chlorophylls [36] and were assigned to C719 on the
basis of modeling of time-resolved ﬂuorescence data [34]. Apparently,
the trimer cannot be assigned to the reddest state because of the large
distance to P700 (about 50 Å). This would not be consistent with the
efﬁcient quenching of the emission by oxidized P700. It is however
possible that this Chl trimer is identical with the C719 aggregate that
exists in both monomeric and trimeric PS I complexes.
Interestingly, the ﬂuorescence intensity of monomeric PS I
complexes (see Figs. 2 and 4) is only slightly affected by the redox
state of P700. This means that the emission of nearly all LWC is not
quenched strongly by oxidized P700 except one LWC aggregate
emitting around 732 nm (see Figs. 2 and 4). This indicates a large
distance of nearly all LWC to P700 and to a location at the periphery of
the PS I complex. Among others: B37–B38, A38–A39, B18–B19, A16–
A17–A25 (see Fig. 6) are potential candidates which meet the
necessary conditions: (a) strong coupling between the chlorophylls
of the aggregate (see Table 3 in Ref. 33), (b) orientation of the
transition dipole of the low-energy exciton state parallel to the
membrane plane [15] and (c) large distance to P700 [7]. These
aggregates might be responsible for C708. For B24–B25 and A26–A27,
a short energy-transfer time to P700+ can be expected. These dimers
might be involved in C715 with an emission around 734 nm that was
found to be quenched by P700+ (see Fig. 4).
The strong inﬂuence of the reddest antenna state on the emission
spectrum of trimeric PS I from T. elongatus is illustrated in Fig. 7. It
shows ﬂuorescence spectra measured under different redox condi-
tions at 5 K and normalized to the respective peak maximum. With
P700 in the oxidized state, the ﬂuorescence spectrum (dashed curve)
peaks at 732 nm. In the presence of reduced P700, the emission
maximum at 5 K is red-shifted to 741 nm (solid curve). This red shift
is due to the fact that under these conditions, the reddest antenna
state contributes strongly to the ﬂuorescence, since its emission is not
quenched in the presence of reduced P700. In addition, the
contribution of the long-wavelength chlorophylls, which emit at
734 nm, is larger (see Fig. 4). In the literature [12 and Refs. therein]rophylls in photosystem I.
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Fig. 7. 5 K ﬂuorescence spectra of PS I trimers from T. elongatus with P700 in the
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their respective peak maximum. The excitation wavelength was 500 nm. The dash–
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Fig. 8. Single-molecule ﬂuorescence spectra of one trimeric PS I complex from A.
platensis. 20 mM dithionite was added to the sample diluted in a buffer B (pH 9–9.5).
The pre-illuminated sample has been frozen to 1.4 K; excitation wavelength was
680 nm. The excitation power was varied between 10 μW (top trace) and 0.05 μW
(bottom trace). The accumulation time was chosen in each case so that a sufﬁcient
signal/noise ratio was achieved (5 s–10 min). Original data (solid curve), data
smoothed by a moving average ﬁlter (dashed curve).
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reported to be located at 732 nm indicating that most of the low
temperature ﬂuorescence studies have been performed using PS I
with P700 in the oxidized state.
For samples with a mixture of reduced and oxidized P700, the
ﬂuorescence spectrum peaks at 738 nm (see Fig. 7, dotted line). These
samples containing ascorbate and PMS (which keeps both P700 and
the acceptors in the neutral state) have been frozen in the dark. Under
these conditions P700 is initially completely reduced. Illumination of
such a sample at low temperature will lead to the irreversibly formed
radical pair P700+FA/B− in a fraction (~50% at 5 K [10]) of the
photosystems, whereas in the other fraction charge recombination
maintains P700 in the reduced state (see Materials and methods).
Thus, it is possible to prepare samples containing amixture of reduced
and oxidized P700 due to light-induced oxidation of P700 prereduced
by ascorbate at 77 K.
3.3. Single-molecule spectroscopy (SMS)
The ﬁrst single-molecule spectra of PS I at cryogenic temperature
have been reported by Jelezko et al. [37]. SMS offers the possibility to
obtain more detailed information about the spectral characteristics of
the antenna states. SMS enables the observation of the emission of
single photosystems [32]. As a consequence, spectral features that are
characteristic of single molecules can be revealed. At low tempera-
tures, these are a narrow zero-phonon line (ZPL) and a broad phonon
wing. The ZPL belongs to an electronic transition between the lowest-
lying energy levels in the ground and excited state The phonon wing
on the low-energy side of the ZPL is related to transitions from the
ground vibrational state of the excited electronic state to higher-lying
vibrational levels of the electronic ground-state due to the interaction
of the chromophore with its surrounding (electron–phonon cou-
pling). SMS experiments using PS I complexes from cyanobacteria
show sharp emission lines at 705–715 nm assigned to ZPLs from C708
and a broad emission band centered around 725–730 nm [32,35]. It
has been proposed that the longer-wavelength antenna states are
characterized by increased electron–phonon coupling and strong
spectral diffusion. The rates of the spectral diffusion process are much
higher than the actual acquisition rate and the wavelength range
covered by these lines is in the range of more than 10 nm [32,37].
To detect the weak ﬂuorescence of single molecules (photosys-
tems) high excitation laser intensities of about 100 μW at 680 nm areoften used, yielding an excitation intensity in the focus on the order of
6·102 W/cm2 [32]. This corresponds to a photon ﬂux of about
6.8·1020photons/(cm2·s). Because of the very large photon ﬂux
P700 is kept in the oxidized state. At low temperature, the highest rate
for the recovery of the ground state of P700 is achieved in centers with
prereduced iron–sulfur cluster FA and FB. Under these conditions the
radical pair P700+ A1− is formed which decays by charge recombi-
nation of P700+A1− with a half-life of 170 μs [10] corresponding to a
rate kd=4.1·103 s−1. The lifetime of the primary radical pair
P700+A0− would be shorter (~ 50 ns) but it decays dominantly in
the triplet state 3P700, which decays by intersystem crossing to the
singlet ground state with a signiﬁcantly longer half-life of about 1 ms
at low temperature. The rate of formation of P700+A1− is kcs=σ·Φ· I,
where σ is the absorption cross section at 680 nm (~2·10−14 cm2),Φ
is the quantum yield of charge separation at low temperature (~50%
[10]) and I is the photon ﬂux. The fraction of centers in the ground
state P700A1 is then given by:
P700A1
P700A1 + P700
þ A−1
=
kd
σ⋅Φ⋅I + kd
with kd =
ln 2
170 μs
At a photon ﬂux of 6.8·1020photons/(cm2·s) it follows that this
fraction is 6.0·10−4. That means P700 is completely in the oxidized
state under these experimental conditions and ﬂuorescence of the
reddest long-wavelength chlorophylls would escape detection be-
cause their emission is largely quenched by P700+. A reduction of the
excitation power by a factor of about 1000would be necessary to have
at least about 40% of P700 in the neutral state.
Fig. 8 shows single-molecule ﬂuorescence emission spectra of one
trimeric PS I complex from A. platensis at 1.4 K. The laser intensity was
varied during the experiment between 100 μW and 0.05 μW,
corresponding to an excitation intensity in the focus in the order of
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each case so that a sufﬁcient signal-to-noise ratio was achieved.
20 mM dithionite was added to the sample diluted in buffer B (pH
9–9.5). The sample has been frozen under illumination to 1.4 K. This
treatment leads to chemical prereduction of the terminal iron–sulfur
clusters so that light-induced electron transfer is restricted to the
formation and decay of the secondary radical pair P700+A1−. At an
excitation power of 100 μW (not shown), 10 μW and even 1 μW the
emission of the C740 pool is almost completely quenched and appears
only as a shoulder of the broad emission band around 727 nm band
(see Fig. 8). If the excitation power is further decreased to 0.1 μW and
0.05 μW, the emission of C740 becomes visible as a separate broad
band. ZPLs are observed only in the region around 715 nm. Strong
electron–phonon coupling and ZPL dynamics [32,37] are most likely
the reasons that emission bands at 727 nm and 760 nm are broad and
unstructured. Spectral jumps of ZPLs on a time scale much shorter
than the acquisition time would lead to an increase of the line-width
of ZPLs at ﬁrst and then after prolonged averaging to the complete
loss. The single-molecule ﬂuorescence spectra of one trimeric PS I
complex from A. platensismonitored with an excitation power≥1 μW
resemble the bulk emission spectrum in the presence of oxidized P700
(see Fig. 1, dashed line) except for the ZPLs. Below 1 μWthe amplitude
of the F760 band is growing. At 0.05 μW the F760/F726 ratio is about
one. This indicates that a fraction of P700 is in the reduced state in
accordance with our estimation above. If P700 is completely reduced,
the F760/F726 ratio is about ten (see Fig. 1, solid line). A further
reduction of the excitation power was, however, not possible for
experimental reasons and because of the signiﬁcantly decreasing
signal-to-noise-ratio.
Single-molecule ﬂuorescence spectra in dependence of the
excitation power were also recorded for trimeric PS I complexes
from T. elongatus (see Fig. 9). For an excitation power of ≥10 μW the
maximum of the unstructured broad emission band is located at
732 nmwhich is typical for PS I with oxidized P700 (see Fig. 5, dashed
line). If the excitation power is reduced to 0.1 μW, themaximum shifts
to the red up to 739 nm. Bulk emission spectra of a sample with a
mixture of reduced and oxidized P700 show at 5 K the maximum at
this wavelength (see Fig. 7 dotted line). The result suggests that a
mixture of reduced and oxidized P700 is present at an excitation
power of 0.1 μW. Consistently the emission of the reddest antenna
state starts to contribute to the ﬂuorescence spectrum leading to the
observed red shift of the maximum from 732 to 739 nm.
The correlation between the content of oxidized P700 and the
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Fig. 9. Single-molecule ﬂuorescence spectra of trimeric PS I complexes from T.
elongatus. Spectra were recorded at 1.4 K; excitation was at 680 nm. The excitation
power was varied between 10 μW (top trace) and 0.1 μW (bottom trace). The
accumulation time was chosen in each case so that a sufﬁcient signal/noise ratio was
achieved (30 s–20 min). Original data (solid curve), data smoothed by a moving
average ﬁlter (dashed curve).quenching mechanism that was proposed recently [39] in order to
explain that the ﬂuorescence yield in PS I with reduced and oxidized
P700 is almost the same at room temperature. In this hypothesis, it
was assumed that the primary electron donor is rather the accessory
chlorophyll than P700. If so, photochemistry can occur regardless of
whether P700 is reduced or oxidized. If the initial charge separation
forming Acc+A0− in the presence of P700+ is followed by a fast
radiationless charge recombination, the quenching of the excited state
would be the same but no stable photoproduct would be detectable.
As a consequence of thismechanism, theﬂuorescence quenchingwould
be the same regardless of the redox state of P700. At low temperature,
however, PS I with oxidized P700 (also named closed PS I) quenches the
ﬂuorescence signiﬁcantly better than PS I with reduced P700 (also
named open PS I) (see Figs. 2 and 5). Especially ﬂuorescence from the
reddest long-wavelength Chls is strongly quenched by P700+ at
cryogenic temperatures. Since uphill energy transfer is unlikely at low
temperatures, themost likely explanation for the observed quenching is
that described in the Introduction. Excitation energy is transferred from
the excited long-wavelength chlorophylls to P700+ by the inductive
resonance mechanism (Förster transfer) followed by the radiationless
decay of (P700+)* [23,25].
The absorption of the oxidized donor P700+ resembles most likely
that of Chl a+ in organic solvents [40,41], which exhibits a broad and
almost constant absorption between 500 nm and 850 nm. The broad
absorption of the cation P700+ provides about the same spectral
overlap (about ~1/3 of the overlap between two isoenergetic
chlorophylls with a Stokes shift of 130 cm−1) with the emission
bands of all the core-antenna pigments, so that P700+ can effectively
act as an excitation energy acceptor for bulk and long-wavelength
Chls. The excitation in the antenna is removed by the decay of
(P700+)* which is expected to be extremely fast. Therefore, the
distance between P700+ and the LWC and the mutual orientation of
the transition dipoles determine the rate and efﬁciency of the
quenching. At low temperature, the LWC act as traps for the
excitation. Our data indicate that most of the LWC are localized at
the periphery of the PS I complex and only the reddest antenna states
seems to be close enough for an efﬁcient quenching.
At room temperature, the described quenching mechanism should
also be effective. The excited state is, however, more extensively
distributed between all antenna chlorophylls, because thermal energy
is sufﬁcient to enable uphill energy transfer from LWC to bulk
chlorophylls. During their migration through the antenna all excita-
tions will come close enough to reaction center to be quenched
efﬁciently by P700+. Therefore, the quenching by P700+ is sufﬁcient
to explain the fast ﬂuorescence decaywithin about 30 ps in closed PS I.
To explain the surprisingly small difference between the ﬂuores-
cence quenching efﬁciency of P700 (photochemical quenching via
charge separation) and P700+ at room temperature, various possi-
bilities have been considered in the literature (see e.g. [23]). If,
however, there would be additional photochemical quenching in the
presence of P700+ via charge separation starting from the excited
accessory Chls similar to the photochemical quenching in the
presence of P700, the ﬂuorescence decay in closed PS I (P700
oxidized) should be signiﬁcantly faster than that in open PS I (P700
reduced). The faster decay would result from two efﬁcient quenching
mechanisms which would be effective in the case of oxidized P700+.
Therefore, additional photochemical quenching in the presence of
P700+ seems to be unlikely.
Our data do not allow conclusions regarding the mechanism of the
primary charge separation in open PS I (P700 reduced), but we would
like to note that photochemistry starts most likely from the lowest
excitonic state of the reaction center. Especially at low temperatures,
this must be the case, because only the lowest excited state of
the reaction center chlorophylls state is populated according to
Boltzmann. Therefore, the proposal in which the initial charge
separation starts from the excited accessory Chl in one or bothbranches,
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Chls contribute signiﬁcantly to the lowest excitonic state, that drives the
initial charge separation. The problem with this assumption is that
steady-state and transient polarized absorption spectroscopy of PS I
yields evidence that the lowest excitonic state of the reaction center is
dominated by P700. This is in agreement with the exciton calculations
[43,34]. On the other hand, a certain contribution of the accessory
chlorophylls to the lowest exciton state cannot be ruled out.
Additionally, the situation might be different at room temperature,
because higher exciton states will be populated thermally.
4. Conclusions
This work demonstrates for the ﬁrst time the emission of the
reddest antenna state for single PS I complexes. Assignments of LWC
aggregates to emission bands in previously published work must be
re-made since the emission of the reddest antenna state escaped
detection due the strong quenching by P700+. The data presented in
this work indicate a simple rule. The emission band of the LWC is red-
shifted by about 20 nm relative to the QY absorption band.
The efﬁcient ﬂuorescence quenching, which is observed for the
reddest antenna states, may represent a protective mechanism with
physiological relevance [12,23]. Excess energy in the antenna will be
efﬁciently dissipated because of the quenching by P700+, which is
present under high light conditions. Thereby, the formation of triplet
states in the antenna and subsequently the formation of harmful
singlet oxygen are avoided.
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